INTRODUCTION {#SEC1}
============

Control and maintenance of the genome is carried out by proteins that assemble at specific DNA target sites. These biological processes require efficient recognition of target sites, which typically involves conformational reorganizations in both the protein and the DNA in a specific manner, as shown by X-ray and nuclear magnetic resonance (NMR) structural studies. Target DNA, in particular, often becomes deformed from the canonical B-DNA conformation when forming a specific complex with a partner protein. Currently, much remains unclear as to how these changes are initiated and funneled to bring about recognition of the target sites, and how rapidly the conformations adjust upon binding.

NMR measurements have revealed microsecond-to-millisecond timescale conformational fluctuations for DNA and proteins non-specifically interacting with each other, indicating that preliminary interrogation may encompass these timescales ([@B1]). Rates of conformational changes in these molecules as the complex transitions from non-specific to specific binding have been more difficult to capture although there are notable exceptions, for example from stopped-flow studies ([@B4]), micromanipulation experiments ([@B7]), and laser temperature-jump (T-jump) perturbation approach ([@B8]). With T-jump, we could also dissect multiple steps attributable to DNA bending/twisting during preliminary interrogation and DNA kinking and/or nucleotide-flipping dynamics during site-specific recognition ([@B11],[@B13]). Despite the successes in structural and dynamical studies on protein--DNA complexes, our understanding of how the conformational adaptabilities of DNA and proteins influence the recognition remains limited, particularly for large protein--DNA complex systems that are not amenable to NMR. These limitations persist because the techniques applicable to such large systems (e.g. X-ray crystallography structures and 'ensemble' dynamics measurements such as stopped-flow or T-jump) cannot capture the complex, heterogeneous conformations that coexist and interconvert in solution under equilibrium. Measurements that can reveal the equilibrium conformational distributions of DNA, for instance, can provide valuable information on the deformability of DNA as well as intrinsic DNA distortions that are thermally accessible. The deformability/distortions of DNA are likely used for target recognition by site-specific proteins, especially those that rely on 'indirect readout' ([@B14]). Here, we combined picoseconds-resolved fluorescence lifetime measurements with a maximum entropy analysis to visualize the population distributions of DNA conformations as probed by a unique set of fluorescent probes (tC° and tC~nitro~). This approach could effectively address key questions, including what conformations are thermally accessible to the DNA molecules and whether these conformations in DNA alone resemble the conformations adopted in the specific complex.

The lifetime approach ([@B15]) has several advantages over other techniques such as single-molecule FRET (smFRET) which can also yield information on conformational distributions ([@B16]): it can detect minor populations as this technique samples Avogadro's number of molecules instead of a few thousands; it has higher sensitivity that enables the use of intrinsic probes such as tryptophan (Trp) residues (in proteins) ([@B20]) or fluorescent nucleotide analogs (in DNA) ([@B21]) with relatively low quantum yield instead of the high quantum-yield probes needed for smFRET; it provides snapshots of a conformational distribution that are captured over a much shorter time-window, typically less than tens of nanoseconds and characteristic of the excited state lifetime of the fluorophore, compared with the milliseconds time-window required in smFRET measurements.

The fluorescent probes used in this study, tC° and tC~nitro~, are cytosine analogs which can be incorporated in the DNA as a donor and an acceptor, respectively, for fluorescence resonance energy transfer (FRET) ([@B24],[@B25]). These probes exhibit normal Watson--Crick pairing with guanine with minimal perturbation of DNA structure and stability ([@B13],[@B24]). Furthermore, the rigid exocyclic ring and its base stacking interactions hold these nucleotide analogs in relatively fixed orientations within the DNA helical structure, making the FRET between them sensitive to DNA helicity, and hence to even subtle distortions in DNA conformations that alter their separation and/or relative orientation ([@B26]). These probes have proven suitable to monitor transitions between B-DNA and Z-DNA conformations ([@B29]). In our previous work, we applied them to measure protein-induced DNA unwinding dynamics using T-jump ([@B13]).

Here, we take advantage of the fluorescence-lifetime approach to understand how DNA damage is recognized by the Rad4--Rad23 nucleotide excision repair (NER) complex. Rad4--Rad23, the yeast ortholog of the human xeroderma pigmentosum C (XPC)--RAD23B complex (reviewed in ([@B30],[@B31])) is a key damage recognition factor in the global genome NER pathway: upon DNA damage, it localizes to the lesions scattered around the genomic DNA in cells and is strictly required for the recruitment of the transcription factor IIH complex (TFIIH) containing XPD and XPB helicases. TFIIH in turn verifies the presence of a bulky lesion and recruits other subsequent factors ([@B32]). Successful lesion recognition and proofreading leads to the excision of the lesion-containing single-stranded DNA (24--32 nt) followed by repair synthesis and nick sealing ([@B30],[@B35]). Inherited mutations in *XPC* in humans can cause the xeroderma pigmentosum syndrome, which entails high sun sensitivity and predisposition to skin cancers due to the inability to repair sunlight-induced DNA lesions ([@B36],[@B37]). *In vitro*, Rad4 and XPC bind specifically to various lesions repaired by NER; these include the 6--4 photoproduct (6--4PP) induced by UV light and adducts derived from polycyclic aromatic hydrocarbons, aromatic and heterocyclic aromatic amines, which are widely present in environmental pollutants, notably automobile exhaust and in cigarette smoke and grilled meat ([@B38]). While some of these lesions are helix distorting and destabilizing, others are not ([@B42]). Rad4/XPC can also bind to artificially destabilized DNA such as 2 to 3 base pair (bp) mismatch sites with an affinity similar to that of a *bona fide* substrate, 6--4PP ([@B43],[@B44]). Notably, the recognition and repair efficiencies of NER lesions can vary widely ([@B30],[@B45]), and the lesions that are recognized less efficiently and thus repaired more slowly, tend to be more toxic and mutagenic compared with the repair-proficient lesions ([@B58]). Thus, understanding the basis of such variance in repair and mutagenicity has been a key issue in the field ([@B30],[@B42]). The crystal structures of Rad4 bound to UV-induced as well as mismatched DNA model lesions have shown that Rad4 unwinds and bends DNA at these lesion sites, flips out two damage-containing nucleotide pairs from both strands, and inserts a β-hairpin in the opened DNA to stabilize this recognition complex (Figure [1](#F1){ref-type="fig"}) ([@B44]). Notably, in this 'open' structure, Rad4 does not make any direct contact with the damaged nucleotides (cyclobutane pyrimdine dimer (CPD) UV lesion) but interacts exclusively with the normal nucleotides flipped out from the complementary strand. Such an indirect mode of recognition provides insights into how Rad4 may serve as a common sensor for diverse lesions to be removed by NER ([@B44],[@B66]). We previously characterized the DNA dynamics during the recognition process using a series of T-jump measurements on Rad4 bound to mismatched DNA, used as model substrates for Rad4. These studies demonstrated that Rad4 non-specifically unwinds the DNA on ∼100--500 μs time scale before specifically recognizing (and flipping out) the mismatched nucleotides, which takes several milliseconds ([@B12],[@B13]). However, little is known about the underlying conformational landscapes of the abnormal versus normal DNA under equilibrium and how these are altered upon Rad4-binding.

![Rad4 and DNA undergo conformational changes upon specific binding. (*Left*) Rad4 (green) bound to B-DNA in a non-specific binding mode. To model this non-specific binding mode, we used the apo-Rad4--Rad23 structure (PDB code: 2QSF) superposed on a model B-DNA structure. The 3 bp mismatched nucleotides whose sequences were varied in this study are indicated in red and black. The positions of the donor (tC°, blue) and acceptor (tC~nitro~, cyan) are also shown. (*Right*) Rad4 (purple) bound to a UV-damaged/mismatched DNA in a specific manner, forming an 'open' recognition complex (PDB code: 2QSG and 2QSH). In this structure, the DNA is unwound and bent, with two damage/mismatch-containing nucleotide pairs flipped out from the duplex DNA. Rad4 inserts a β-hairpin into the DNA duplex to stabilize this unwound 'open' structure of the DNA. Two flipped-out nucleotides (black) from the undamaged strand (gray) make direct contacts with the protein; however, two (red) on the damaged strand (gold) are flipped out from the protein and are disordered in the crystals, thus indicated only schematically. The third mismatched base pair remains intrahelical. The partially transparent structures indicate the specific complex structure (purple) on the left, and the non-specific complex model (green) on the right. Gray arrow indicates the motion of the protein during the recognition process. The figure was made using PyMOL version 1.7.6.6 (Schrodinger, LLC).](gkx1216fig1){#F1}

This fluorescence lifetime study addresses these outstanding questions by examining the range of conformations accessible to a set of 3 bp mismatched DNAs and tracking their changes in the presence of bound Rad4. We particularly took advantage of our recent finding that certain mismatched sequences are recognized by Rad4 more specifically than other mismatches ([@B13]), which may reflect aspects of repair-proficient and -resistant NER lesions in cells. Our approach revealed that mismatched DNA is intrinsically more dynamic than matched DNA and exhibits a broader range of deformations that likely include unwinding and bending. Most importantly, even in the absence of Rad4, the range of these deformations is larger for mismatched DNA recognized with high specificity by Rad4 compared with DNA with low or little specificity. These experimental observations were further supported and complemented by molecular dynamics (MD) simulations. The differences in these *thermally* accessible conformations may help the repair proteins distinguish DNA lesions from normal DNA by, for instance, preferentially stalling the repair proteins at damaged sites during a one-dimensional (1-D) diffusional search, as well as by guiding the subsequent recognition through 'conformational selection/capture'. Another surprising revelation from these studies was that even the most specific complex remained highly dynamic and heterogeneous, a feature that may reflect the promiscuous nature of Rad4 (and XPC, by analogy) and its ability to recognize a wide range of structurally dissimilar lesions.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation and characterization of Rad4--DNA complexes {#SEC2-1}
-------------------------------------------------------

DNA oligonucleotides, 24 nt long, containing the fluorescent probes were purchased from TriLink Biotechnologies with reverse-phase HPLC purification. All oligonucleotides appeared as a single band on denaturing polyacrylamide gels, indicating high length-purity (\>90%) of the oligonucleotides. Annealing to make duplex DNA was done in phosphate-buffered saline (PBS) (10 mM Na~2~HPO~4~, 2 mM KH~2~PO~4~, 137 mM NaCl, 2.7 mM KCl, pH 7.4) as described in [Supplementary Methods 1.1](#sup1){ref-type="supplementary-material"}. All Rad4--Rad23 complexes were prepared as previously described ([@B12],[@B13]) ([Supplementary Methods 1.2](#sup1){ref-type="supplementary-material"}). Rad4--Rad23--DNA complexes were prepared by combining purified Rad4--Rad23 and annealed duplex DNA substrates in a 1:1 molar ratio at 5 μM each in PBS containing 1 mM dithiothreitol (DTT). When analyzed by native gel electrophoresis, 83 ± 6% of protein and DNA in the samples were bound for highly specific mismatched DNA and 77 ± 4% for non-specific matched DNA ([Supplementary Methods 1.3 and Figure S1](#sup1){ref-type="supplementary-material"}). The apparent binding affinities (*K*~d,app~) were also determined by competition electrophoretic mobility shift assays (EMSA) carried out essentially as before in EMSA buffer (5 mM BTP-HCl, 75 mM NaCl, 5 mM DTT, 5% glycerol, 0.74 mM CHAPS, 500 μg ml^−1^ BSA, pH 6.8) ([Supplementary Methods 1.4](#sup1){ref-type="supplementary-material"}) ([@B13]). The thermal stabilities of the DNA duplexes were measured as described in [Supplementary Methods 1.5](#sup1){ref-type="supplementary-material"}.

Picoseconds-resolved fluorescence spectroscopy {#SEC2-2}
----------------------------------------------

Fluorescence decay curves were measured with a PicoMaster fluorescence lifetime instrument (HORIBA-PTI, London, Ontario, Canada) equipped with time-correlated single photon counting (TSCPC) electronics ([@B67]). Further details of the apparatus and data acquisition are in [Supplementary Methods 1.6](#sup1){ref-type="supplementary-material"}. For all FRET measurements, decay traces were measured for donor-only (tC°-labeled, DNA_D) duplexes without acceptor (tC~nitro~) as well as donor--acceptor (tC°-tC~nitro~-labeled, DNA_DA) duplexes.

Analysis of the fluorescence decay traces {#SEC2-3}
-----------------------------------------

Decay curves were analyzed either as a sum of discrete exponentials (DE; [Supplementary Methods 1.7](#sup1){ref-type="supplementary-material"}) convolved with the instrument response function (IRF; obtained as described in [Supplementary Methods 1.6](#sup1){ref-type="supplementary-material"}), or using a maximum entropy method (MEM; [Supplementary Methods 1.8](#sup1){ref-type="supplementary-material"}), in which the effective distribution of log-lifetimes *f*(log *τ*) was inferred from the decay traces using the program MemExp ([@B68],[@B69]) (available online). The MEM distributions were further analyzed as a sum of Gaussian distributions ([Supplementary Methods 1.9](#sup1){ref-type="supplementary-material"}). The FRET values between tC° and tC~nitro~, obtained as described in [Supplementary Methods 1.7--1.9](#sup1){ref-type="supplementary-material"}, were compared with theoretical predictions based on DNA structures, as described in [Supplementary Methods 1.10](#sup1){ref-type="supplementary-material"}.

Molecular modeling and molecular dynamics (MD) simulations {#SEC2-4}
----------------------------------------------------------

We performed 2 μs of MD simulations starting from the initial models of the mismatched duplexes and their matched controls. We prepared the initial models with Discovery Studio (*Dassault Systèmes* BIOVIA) by choosing 12-bp sequences with centrally positioned mismatched or matched base pairs (detailed in [Supplementary Methods 1.11](#sup1){ref-type="supplementary-material"}). We used the AMBER14 ([@B70]) package with ff14SB force field ([@B71]), explicit water and counterions. The structural properties were calculated using the cpptraj module of AMBER14 ([@B70]) and plotted using MATLAB 7.10.0 (The MathWorks, Inc.). The principal component analyses for obtaining structural clusters were performed with the Bio3D package ([@B72]) in R ([@B73]). All molecular structures obtained from the simulations were rendered using PyMOL 1.3.× (Schrodinger, LLC.). Full details of force field, molecular modeling, MD simulation and analysis protocols are given in [Supplementary Methods 1.11--1.13](#sup1){ref-type="supplementary-material"}.

RESULTS {#SEC3}
=======

Fluorescence lifetime measurements combined with maximum entropy analyses provide a robust snapshot of conformational distributions {#SEC3-1}
-----------------------------------------------------------------------------------------------------------------------------------

In the present study, we use the FRET efficiency between tC° (donor) and tC~nitro~ (acceptor) placed within a duplex DNA to probe the DNA conformations. Such FRET efficiency ($\documentclass[12pt]{minimal}
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}{}$E\ = \ 1 - \frac{{{\tau _{DA}}}}{{{\tau _D}}}$\end{document}$, where τ~DA~ and τ~D~ are the donor lifetimes in the presence and absence of the acceptor, respectively. Fluorescence lifetime measurements offer a more robust way to obtain FRET than steady-state measurements that rely on fluorescence intensities, as the lifetimes depend neither on the excitation intensity nor on the fluorophore concentrations. More importantly, the picosecond time-resolution of our instrumentation enables us to capture the distribution of conformations that co-exist in solution, if that distribution is mirrored in different FRET values between the probes. Here, the fluorescence lifetime of tC° in the absence of tC~nitro~, i.e., τ~D~ measured in DNA constructs harboring only the donor (DNA_D), is relatively insensitive to its macromolecular environment ([@B74]). However, when tC° is in the proximity of tC~nitro~ to which it can transfer energy, as in DNA constructs containing both the donor and the acceptor (DNA_DA), its lifetime τ~DA~ is shortened due to the FRET. As the FRET efficiency depends strongly on the relative distance and orientation between the donor and acceptor, the FRET efficiency and the corresponding τ~DA~ provide a sensitive measure of the DNA conformations harboring the probes. A single conformation with a fixed donor--acceptor distance/orientation is expected to exhibit a single FRET efficiency and hence a single-exponential fluorescence decay trace with a unique τ~DA~. If the sample consists of multiple conformations, then this heterogeneity can be reflected in a distribution of FRET efficiencies yielding a multi-exponential decay trace with multiple values of τ~DA~.

Extracting multiple lifetime components (and thus conformations) from a complex, multi-exponential decay trace can be a challenge ([@B75]), which we have effectively overcome by utilizing the MEM. The MEM inverts fluorescence decay traces into lifetime distributions without the need to specify the number of exponential terms ([@B76]). The program MemExp ([@B68],[@B69],[@B77]) has been extended here to account for the zero-time shift between the instrument response and the kinetics (see [Supplementary Methods 1.8](#sup1){ref-type="supplementary-material"}), to address the ambiguity in parameters that can arise in a DE analysis of the experiments reported.

Conformational distortions in mismatched DNA substrates for Rad4 were probed using tC°-tC~nitro~ FRET pair {#SEC3-2}
----------------------------------------------------------------------------------------------------------

The choices of the DNA substrates and probe positions in this study were motivated by previous studies of Rad4-DNA binding and are shown in Figure [2](#F2){ref-type="fig"}. As mentioned, duplex-destabilizing 2 or 3 bp mismatches are useful model DNA substrates for Rad4/XPC *in vitro* ([@B12],[@B43],[@B44]). The structure of Rad4-bound to mismatched DNA was found to be identical to the 'open' Rad4--DNA complex structure in the presence of a UV lesion ([@B44]). Notably, the relative strength in Rad4-binding affinity (i.e., specificity) of mismatched DNA depends on the mismatch sequence ([@B13]): competition gel-shift assays showed that Rad4 exhibited high specificity for a CCC/CCC mismatch, intermediate specificity for a TTT/TTT mismatch, and little specificity for a TAT/TAT mismatch, with apparent binding affinities *K*~d,app~ of 70 ± 3 nM, 116 ± 3 nM, and 504 ± 36 nM, respectively ([Supplementary Methods 1.4](#sup1){ref-type="supplementary-material"}; Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) ([@B13]). The binding affinity measurements indicated that DNA duplexes with the mismatched sites CCC/CCC, TTT/TTT and TAT/TAT bound more tightly than their matched counterparts by a factor of ∼5.1, ∼3.3 and ∼1.1, respectively. Thus, in this study, we have used these three mismatched duplexes along with their matched counterparts and examined their conformational distributions, as probed by FRET between tC° and tC~nitro~ probes.

![Apparent Rad4-binding affinities of design I DNA constructs measured by competition gel-shift assays. (**A**) The construct names and DNA sequences of the 24-bp DNA substrates are shown along with the apparent Rad4-binding affinities (*K*~d,app~) of each DNA as determined by the gel-shift assays. Mismatched or the corresponding matched base pairs are underlined; tC° (D) or tC~nitro~ (P) are also indicated. (**B**) Typical gel images are shown from the assays for the DNA constructs indicated.](gkx1216fig2){#F2}

We previously showed that tC°-tC~nitro~ probes incorporated in DNA do not much affect the thermal stabilities or the Rad4-binding affinities of DNA duplexes ([@B13]). Incorporation of these probes on either side of a TTT/TTT mismatch, at positions indicated as in Figure [2](#F2){ref-type="fig"} (denoted as design I constructs), could detect DNA distortions induced by specific Rad4 binding, as measured by FRET changes in the mismatched but not the matched constructs ([@B13]). These FRET measurements were consistent with the specific binding of TTT/TTT to wild-type Rad4 demonstrated in gel-shift experiments and crystal structures ([@B13],[@B44]) (Figure [2](#F2){ref-type="fig"}). T-jump studies on these tC°-tC~nitro~-labeled DNA constructs (hereafter referred to as 'TTT/TTT_I') further revealed ∼10 ms kinetics when specifically bound to wild-type Rad4 as well as ∼100--500 μs kinetics when non-specifically bound to Rad4 mutants ([@B13]). The ∼10 ms relaxation times were similar to those obtained using a 2-aminopurine probe (2AP, a fluorescent analog of adenine) incorporated as a part of 2 or 3 bp mismatch sites, thereby probing full nucleotide flipping kinetics directly at the mismatch ([@B12]). The ∼10 ms kinetics were thus attributed to the opening of the damaged site that accompanies full nucleotide-flipping, as seen in the 'open' crystal structures of the specific complex; the ∼100--500 μs kinetics were attributed to unwinding of DNA during non-specific interrogation ([@B13]). These results pointed to the ability of the tC°-tC~nitro~ probes in design I to detect various conformational states of DNA along the Rad4--DNA binding trajectory. Here, we used the same placement of tC° and tC~nitro~ (design I) in each of the aforementioned three mismatched/matched DNA pairs to examine the DNA conformational distributions under equilibrium using fluorescence-lifetime-based FRET measurements.

Mismatched DNA construct with the highest specific binding to Rad4 exhibited the largest deviations from canonical B-DNA conformations in the absence of Rad4 {#SEC3-3}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

The fluorescence lifetime measurements of donor-only (DNA_D) and donor--acceptor-labeled (DNA_DA) design I constructs at 20°C, are shown in Figure [3](#F3){ref-type="fig"}. When analyzed by DE fits, each fluorescence decay trace of the DNA_D constructs could be described in terms of a single-exponential decay with a time constant in the range of 4.6─4.9 ns, consistent with previous results by the Wilhelmsson group ([@B74]) ([Supplementary Methods 1.7](#sup1){ref-type="supplementary-material"} and Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}). In contrast, the DNA_DA constructs exhibited significant deviations from a single-exponential decay, requiring at least two or sometimes three time constants ([Supplementary Figures S3 and 4; Table S1](#sup1){ref-type="supplementary-material"}).

![Fluorescence lifetime measurements on mismatched and matched DNA constructs. (**A**--**C**) Fluorescence intensity decay curves for DNA_DA (labeled with donor and acceptor) with excitation of donor (tC°) for mismatched (red) and matched (blue) DNA constructs: TAT/TAT and ATA/TAT (A); TTT/TTT and AAA/TTT (B); CCC/CCC and GGG/CCC (C). In each panel, corresponding fluorescence intensity decay curves for DNA_D (labeled only with donor) are shown for mismatched (green) and matched (brown) constructs. The instrument response function (IRF) is shown in black. (**D**--**F**) The distribution of lifetimes that best describe the intensity decay profiles, as obtained from the MEM, are shown. The amplitudes from the MEM analysis, normalized to add up to one, are indicated on the left y-axis for DNA_DA and on the right y-axis for DNA_D. (**G-I**) FRET distributions obtained from the lifetime distributions of panels D--F are shown for mismatched (red) and the corresponding matched (blue) DNA. The gray arrows indicate the value of FRET expected for design I constructs as computed from models of B-DNA conformations for each of the matched sequences, as described in [Supplementary Methods 1.10](#sup1){ref-type="supplementary-material"}.](gkx1216fig3){#F3}

Consistent with the DE analyses, the MEM analyses of the decay traces showed single sharp distributions of lifetimes for donor-only DNA_D and broader distributions for donor--acceptor-labeled DNA_DA (Figure [3D](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"}). The broader distributions of lifetimes of the DNA_DA samples translated into correspondingly broad FRET distributions (Figure [3G](#F3){ref-type="fig"}--[I](#F3){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The reproducibility of the distributions obtained from the MEM analyses from four independent lifetime measurements on each sample are illustrated in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. The data presented in Figure [3](#F3){ref-type="fig"} are for one representative from this set. To determine the minimal number of components that describe the lifetime distributions from the MEM analyses, we fitted the measured distributions to a sum of Gaussians ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The peak position of each Gaussian component was used to calculate the average FRET representing that component and the area under the Gaussian curve was taken as a measure of the fractional population of that component (Figure [4A](#F4){ref-type="fig"}--[C](#F4){ref-type="fig"}).

![FRET values for distinct DNA conformations obtained from fluorescence lifetime measurements on DNA only samples. The fractional populations versus the average FRET computed for each of the distinct conformations, as obtained from Gaussian fits to the fluorescence lifetime distributions of DNA_DA are shown for matched (blue) and mismatched (red) DNA constructs: TAT/TAT and ATA/TAT (**A**); TTT/TTT and AAA/TTT (**B**); CCC/CCC and GGG/CCC (**C**). The arrows indicate the computed values of FRET for B-DNA conformation (gray) and for the DNA conformation in the Rad4-bound specific complex (black), computed as described in [Supplementary Methods 1.10](#sup1){ref-type="supplementary-material"}. (**D**) The average FRET 〈E〉 for all design I constructs obtained from fluorescence lifetime decays are shown for DNA alone (matched: blue; mismatched: red) and Rad4--DNA (matched: magenta; mismatched: purple). The value of FRET expected for design I constructs are shown for B-DNA conformation (gray) and for Rad4--DNA complex (black), computed as described in [Supplementary Methods 1.10](#sup1){ref-type="supplementary-material"}. (**E**) The corresponding DNA structures are also shown below: (top) model B-DNA structure; (bottom) structure of DNA in the Rad4-bound specific complex (from PDB ID: 2QSH). The positions of 3 bp mismatched nucleotides are indicated in red and black. The positions of the donor (tC°, blue) and acceptor (tC~nitro~, cyan) are also shown.](gkx1216fig4){#F4}

For all the donor--acceptor-labeled DNA_DA constructs, we observed broad distributions extending from ∼50 ps to 10 ns (Figure [3D](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Notably, every DNA construct exhibited a minor but distinct long-lifetime component centered at ∼5 ns; this component overlapped with the predominantly single lifetime component measured for the donor-only DNA_D samples, resulting in an apparent 'zero-FRET' component of varying amplitudes in different samples. This component could arise from donor-only samples that have a missing or inactive acceptor strand and/or from real conformations sampled by DNA. A similar zero-FRET component is routinely observed in smFRET measurements and typically discarded as an artefact ([@B19]). While we did control experiments to rule out excess donor-only strands in our measurements ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), we could not conclusively ascertain whether this component was an artefact or reflected small populations of distorted DNA conformations. Further discussion of this component is in [Supplementary Discussion and Figures S7--9](#sup1){ref-type="supplementary-material"}.

Here we focus primarily on the dominant distributions of lifetimes in the 50 ps -- 3 ns window. The lifetime distributions of all the matched constructs in this window exhibited a single predominant conformation with average FRET efficiencies of 0.95 ± 0.01 and fractional populations of 96--99%; we denote these as the 'high-FRET' conformations (Figures [3D](#F3){ref-type="fig"}--[I](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"}--[C](#F4){ref-type="fig"}; [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}; uncertainties in the fractional populations are ∼0--3%; the uncertainties associated with these numbers, also summarized in the [Supplementary Tables S1--3](#sup1){ref-type="supplementary-material"}, are standard error of the mean (s.e.m.) from four independent sets of measurements). These FRET values from fluorescence lifetime measurements are consistent with previously reported FRET on design I constructs measured by steady-state fluorescence ([@B13]). Assuming a canonical B-DNA conformation, the FRET value of these matched DNA constructs is computed to be 0.93, based on the distance and relative orientation of the probes ([@B78]); thus, the experimental FRET of ∼0.95 for the dominant component of matched DNA is in good agreement with the computed FRET.

On the other hand, the distributions of the mismatched constructs were broader and shifted to longer lifetimes. Importantly, the deviations from the matched DNA profiles were more pronounced for the mismatched sequences with higher specific binding to Rad4. In the non-specific mismatched TAT/TAT construct, the dominant component was still well described by a single Gaussian (Figure [3D](#F3){ref-type="fig"} and [G](#F3){ref-type="fig"}; [Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}) though the average FRET for this 'high-FRET' component shifted to 0.92 ± 0.01 (91%) (Figure [4A](#F4){ref-type="fig"}). The medium specificity TTT/TTT construct exhibited slight asymmetry and required two Gaussians consisting of a high-FRET component at 0.94 ± 0.01 (78%) and an additional 'medium-FRET' component at 0.84 ± 0.01 (20%) (Figures [3E](#F3){ref-type="fig"}, [H](#F3){ref-type="fig"} and [4B](#F4){ref-type="fig"}; [Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). Notably, the highest specificity CCC/CCC construct exhibited the broadest distribution and required three Gaussians in the 50 ps -- 3 ns window; the high-FRET conformation appeared in roughly the same position as the predominant conformations of the matched DNA constructs, at 0.96 ± 0.00, but with decreased amplitude (38%), while two additional medium-FRET conformations appeared at 0.82 ± 0.01 (35%) and 0.70 ± 0.01 (22%) (Figures [3F](#F3){ref-type="fig"}, [I](#F3){ref-type="fig"} and [4C](#F4){ref-type="fig"}; [Supplementary Figure S4F and Table S2](#sup1){ref-type="supplementary-material"}).

The broader distributions of lifetimes (and thus FRET) in mismatched DNA demonstrate that these DNA constructs sample a larger range of multiple, distinct conformations in comparison with matched DNA, which indicates higher deformability in the mismatched DNA (Figures [3](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"}--[C](#F4){ref-type="fig"}). The range of conformations sampled by mismatched DNA includes conformations that resemble B-DNA like conformations as well as those that deviate quite significantly from B-DNA. Deviations from B-DNA-like conformations in mismatched DNA are already evident in the overall average FRET (averaged over the 50 ps − 3 ns window of the lifetime measurements as described in [Supplementary Methods 1.8](#sup1){ref-type="supplementary-material"}), with smaller average FRET observed for the mismatched constructs compared with their matched counterpart (Figure [4D](#F4){ref-type="fig"}). These deviations were the largest for the high specificity CCC/CCC construct. Notably, this trend correlated with the change in thermal stability observed for each of the mismatched/matched pair, with melting temperatures for the TAT/TAT, TTT/TTT and CCC/CCC constructs lower than for their matched counterparts by 8.8 ± 1.0°C, 10.6 ± 1.2°C and 18.0 ± 2.1°C, respectively ([Supplementary Methods 1.5 and Figure S10](#sup1){ref-type="supplementary-material"}).

Rad4-binding significantly altered the conformational distribution of mismatched DNA, but not matched DNA {#SEC3-4}
---------------------------------------------------------------------------------------------------------

Next, we examined each of the design I sequences (Figure [2A](#F2){ref-type="fig"}) in the presence of equimolar Rad4. First, Rad4 binding to the matched DNA revealed little change in the lifetime distributions ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}) or in the average FRET values (Figure [4D](#F4){ref-type="fig"}) compared with free DNA. However, the lifetime distributions (and thus the DNA conformations) of the mismatched DNA were altered upon Rad4 binding as detailed below. Some of these changes could not be detected using steady-state or averaged FRET measurements alone, which reflect only 'ensemble' properties. We note here that under the conditions of our lifetime experiments, at 5 μM each of protein and DNA, we expect ∼70--90% of DNA bound to Rad4, based on our measured *K*~d,app~ values for each of the DNA constructs ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). The fraction bound was directly tested for the highly specific CCC/CCC construct and its matched counterpart ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), and was found to be 83 ± 6% for CCC/CCC and 77 ± 4% for GGG/CCC, consistent with the estimated fractions.

The mismatched TAT/TAT construct in the presence of Rad4 revealed an increase in the dynamical fluctuations as indicated by a broader distribution of lifetimes that now required two Gaussians to describe the major peak (Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}), with FRET of 0.94 ± 0.01 (59 ± 1%) and 0.86 ± 0.01 (35 ± 1%), respectively (Figure [6D](#F6){ref-type="fig"}). These results indicate larger, more varied distortions in mismatched TAT/TAT than in matched ATA/TAT upon Rad4 binding, despite no detectable change in average FRET for either of these constructs in the presence of Rad4 (Figure [4D](#F4){ref-type="fig"}), and little specific binding of Rad4 for mismatched TAT/TAT compared with its matched counterpart in gel-shift assays (Figure [2](#F2){ref-type="fig"}). Both TAT/TAT and ATA/TAT were \>70% bound under the conditions of these measurements. Therefore, while some contribution of the B-DNA-like component in these complexes could be from DNA molecules that do not have a protein bound, this fraction of unbound DNA was estimated to be \<30% for these constructs.

![Fluorescence lifetime measurements on mismatched DNA constructs in the presence of Rad4. The data in each panel are as described for Figure [3](#F3){ref-type="fig"}, for mismatched DNA_DA alone (red) and Rad4--DNA_DA (purple). The corresponding donor-only data are also shown: DNA_D (green) and Rad4--DNA_D (olive green).](gkx1216fig5){#F5}

![FRET values for distinct DNA conformations obtained from fluorescence lifetime measurements on DNA samples, with and without Rad4. The fractional populations versus the average FRET, as described in Figure [4](#F4){ref-type="fig"}, are shown for (**A**--**C**) matched DNA and (**D**--**F**) mismatched DNA. (A--C): DNA only (blue) and Rad4--DNA complexes (magenta), for ATA/TAT (A), AAA/TTT (B) and GGG/CCC (C); (D--F): DNA only (red) and Rad4--DNA complexes (purple), for TAT/TAT (D), TTT/TTT (E) and CCC/CCC (F).](gkx1216fig6){#F6}

In the case of mismatched TTT/TTT, for which the fraction bound is estimated to be ∼86%, we saw a similar shift in the lifetime distributions as with TAT/TAT (Figure [5E](#F5){ref-type="fig"}; also compare [Supplementary Figures S4E and K](#sup1){ref-type="supplementary-material"}), and observed a decrease in the amplitude of the high-FRET component, from 78 ± 3% in the absence of Rad4 to 71 ± 3% with Rad4, and an increase in the medium-FRET component, from 20 ± 4% to 24 ± 3% (Figure [6E](#F6){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Furthermore, while the high-FRET component retained the characteristic of the B-DNA conformation (FRET of 0.95 ± 0.01) even in the presence of Rad4, the medium-FRET component exhibited a shift in its average FRET from 0.84 ± 0.01 to 0.71 ± 0.01 upon Rad4 binding (Figure [6E](#F6){ref-type="fig"}). These results indicate that Rad4 binding might further distort the already distorted DNA conformations that showed propensity for deviations from B-DNA in the absence of Rad4.

These conclusions were further reinforced with the CCC/CCC construct that exhibited the highest specificity for Rad4. For the CCC/CCC construct, the average FRET decreased significantly, from 0.80 ± 0.01 to 0.64 ± 0.02 upon binding to Rad4 (Figure [4D](#F4){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In addition, Rad4 had a dramatic effect on the shape of the distribution of lifetimes of the mismatched DNA (Figure [5F](#F5){ref-type="fig"}; also compare [Supplementary Figures S4F and L](#sup1){ref-type="supplementary-material"}). In the absence of Rad4, the CCC/CCC construct already revealed significant amplitude in the distorted medium-FRET conformations in addition to the B-DNA-like conformation. In the presence of Rad4, the high-FRET component shifted from 0.96 ± 0.01 to 0.092 ± 0.02 and diminished in amplitude (from 38 ± 2% to 27 ± 1%), while the two medium-FRET conformations coalesced into one broad distribution with a FRET of 0.60 ± 0.01, and gained in overall amplitude to 63 ± 2% (Figure [6F](#F6){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Thus, in the high-specificity CCC/CCC construct, we observed primarily a shift in the distribution to longer lifetimes upon Rad4 binding, with perhaps some narrowing of the underlying Gaussian components of the distribution (see [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Thus, for DNA that is most specifically bound, Rad4 binding increased the overall deformation, as anticipated from the crystal structures. Surprisingly, however, specific binding of Rad4 to CCC/CCC did not push the equilibrium into a narrow range of DNA conformations but rather the specific complex remained highly dynamic. It is important to note here that while there could be as much as 10--20% unbound CCC/CCC DNA in these measurements that could contribute to the apparent heterogeneity, the absence of any significant amplitude in the B-DNA-like features of the lifetime distributions of Rad4-bound CCC/CCC complex indicated that the unbound fraction in these complexes was negligible.

An alternative explanation for this high heterogeneity in the conformations sampled by Rad4-bound CCC/CCC DNA could be from a heterogeneous distribution of Rad4 along the length of the DNA, with some fraction of proteins bound non-specifically and the remaining fraction bound specifically. To further examine whether our distributions reflected a highly dynamic specific complex or Rad4 simply distributed between specific and non-specific sites along the DNA, we carried out measurements with a 3-fold longer DNA construct (72 bp) containing one CCC/CCC site, to increase the number of non-specific sites ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}). We anticipated that the former scenario would leave the distribution unchanged while the latter would increase the population of B-DNA-like conformations at the expense of the more distorted conformations. Our measurements showed that the distribution of conformations remained quite similar (Figure [7](#F7){ref-type="fig"}), thus supporting our conclusion of a highly dynamic-specific complex.

![Comparison of fluorescence lifetime measurements on 24-mer and 72-mer DNA with CCC/CCC mismatch, with and without Rad4. Fluorescence lifetime distributions (**A** and **D**), FRET distributions (**B** and **E**) and discrete FRET components from Gaussian fits (**C** and **F**), obtained as previously described in Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}, are shown for 24-mer CCC/CCC construct (A--C) and 72-mer CCC/CCC construct (D--F), for DNA_DA alone (red) and Rad4--DNA_DA (purple).](gkx1216fig7){#F7}

Distorted conformations in mismatched DNA increased with increasing temperature {#SEC3-5}
-------------------------------------------------------------------------------

The data presented thus far were all obtained at 20°C. To examine how the range of conformations thermally accessible to DNA and Rad4--DNA complexes varied with temperature, we measured the fluorescence lifetime decays for each of the samples at three additional temperatures: 10, 30 and 40°C. As before, four independent measurements were carried out at each temperature for all the samples. The fluorescence lifetime distributions obtained from the MEM analysis on one representative decay trace from each dataset are shown in Figure [8](#F8){ref-type="fig"} for all three mismatched DNA constructs in the absence and presence of Rad4, and in [Supplementary Figure S13](#sup1){ref-type="supplementary-material"} for the corresponding matched DNA. The lifetime distributions measured for matched DNA, both free and Rad4-bound, were essentially unchanged over the 10−40°C temperature range, and exhibited predominantly a single B-DNA-like conformation at all temperatures, in the 50 ps -- 3 ns range. Similar behavior, with very little temperature-dependence in the shape or the peak position of the dominant component, was observed for the non-specific TAT/TAT mismatched construct in the absence of Rad4 (Figure [8A](#F8){ref-type="fig"}).

![Temperature dependence of fluorescence lifetime distributions and average FRET for mismatched DNA samples, with and without Rad4. (**A**--**F**) The fluorescence lifetime distributions are shown at four different temperatures for mismatched DNA_DA samples in the absence (red; A--C) and presence (purple; D--F) of Rad4. (**G**--**I**) Average FRET values are plotted as a function of temperature for mismatched DNA (red), matched DNA (blue), Rad4--mismatched DNA complex (purple), and Rad4--matched DNA complex (magenta). Data are shown for (G) TAT/TAT and ATA/TAT; (H) TTT/TTT and AAA/TTT; and (I) CCC/CCC and GGG/CCC. The reversibility of the samples after the heating/cooling cycle was checked by first heating up from 10 to 40°C and then cooling back down to 20°C; the measurements after cooling back are shown as open squares.](gkx1216fig8){#F8}

In contrast, both the medium-specificity TTT/TTT construct and the high-specificity CCC/CCC construct exhibited significant changes in the lifetime distributions as the temperature was raised (Figure [8B](#F8){ref-type="fig"} and [C](#F8){ref-type="fig"}). The TTT/TTT construct showed an increase in the asymmetry of the dominant peak, with a shoulder appearing and increasing in amplitude at ∼0.6--0.7 ns, and a minor peak appearing at ∼1.5 ns (Figure [8B](#F8){ref-type="fig"}). Notably, these effects of increasing temperature resembled those caused by Rad4-binding (Figure [8E](#F8){ref-type="fig"}). The temperature-dependent effects were even more striking for the CCC/CCC construct than for the TTT/TTT construct, with significant increase in the medium FRET (∼1.5 ns lifetime component) and a shift in the B-DNA-like short lifetime component (Figure [8C](#F8){ref-type="fig"}). Temperature increase on Rad4-bound DNA further shifted and broadened the lifetime/FRET distributions (Figure [8E](#F8){ref-type="fig"} and [F](#F8){ref-type="fig"}). These trends were also reflected in the average FRET values which decreased with increasing temperature and with Rad4 binding (Figure [8G](#F8){ref-type="fig"}--[I](#F8){ref-type="fig"}), with the largest changes observed for the high specificity CCC/CCC construct.

We expect that the intrinsic deformability of DNA must be reflected in the range and fractional population of thermally accessible conformations and that the deformability should increase with increasing temperatures. In these DNA constructs, it was the high-FRET populations that broadened and shifted to lower FRET populations with increasing temperature. Thus, these data further support the notion that the high FRET components correspond to less-deformed B-DNA-like conformations, while lower FRET components indicate deviations from B-DNA. Taken together, the temperature-dependent changes reaffirmed that high intrinsic deformability correlated with high specificity in Rad4 binding and illustrated the exquisite capability of the fluorescence lifetime approach in detailing the complex conformational landscapes and their shifts in solution.

MD simulations revealed conformational heterogeneity in mismatched sequences {#SEC3-6}
----------------------------------------------------------------------------

In order to explore the conformations of the mismatched sequences, we performed 2 μs of MD simulations for the 12-mer DNA duplexes containing each of the three mismatches and for their matched controls. Structural clusters along each trajectory were obtained based on the conformations of the mismatched sequences, as detailed in [Supplementary Methods 1.13](#sup1){ref-type="supplementary-material"}. The distance between the cytosines (C~A~ and C~D~ in [Supplementary Figures S14--16](#sup1){ref-type="supplementary-material"}, which were replaced with tC~nitro~ (acceptor) and tC° (donor), respectively, in the FRET experiments) was measured between the N4 atoms of the two cytosines. The probability densities of the distance between C~A~ and C~D~ for the mismatched sequences and their matched controls, as well as examples of structures, are shown in Figure [9](#F9){ref-type="fig"}. For the TTT/TTT duplex, the distance between C~A~ and C~D~ showed one peak at 15.7 Å, very near that of the matched control. The structures also oscillated around one conformation, where the T:T pairs were stacked-in and adopt hydrogen bonds shown in Figure [9](#F9){ref-type="fig"} and [Supplementary Figure S14](#sup1){ref-type="supplementary-material"}. For the TAT/TAT duplex, the distance between C~A~ and C~D~ also showed one peak at 15.3 Å (Figure [9](#F9){ref-type="fig"}), close to the matched control sequence, with a very rare excursion to 18.2 Å ([Supplementary Figure S15](#sup1){ref-type="supplementary-material"}). However the structures were dynamic between two major clusters, where the A:A base pair adopted two different hydrogen bonding patterns although both patterns exhibited the same C~A~ and C~D~ distance (Figure [9](#F9){ref-type="fig"} and [Supplementary Figure S15](#sup1){ref-type="supplementary-material"}). The rare excursion corresponded to a conformation where the A:A bases partially stack with each other ([Supplementary Figure S15](#sup1){ref-type="supplementary-material"}). Consistent with the experimental data, the CCC/CCC duplex exhibited the highest heterogeneity. The C~A~ and C~D~ distance showed two peaks at 14.4 Å and 18.5 Å, while the matched control showed one peak at 15.3 Å. However, the mismatched structures were very dynamic and transited among four major clusters and three minor clusters ([Supplementary Figure S16](#sup1){ref-type="supplementary-material"}), where the C:C pairs were not stably stacked-in and the duplex often contained one or more flipped out C bases (Figure [9](#F9){ref-type="fig"} and [Supplementary Figure S16](#sup1){ref-type="supplementary-material"}). Mostly, a single C-C hydrogen bond in one of the three C:C mismatches was found. The seven conformational families fell into three distance populations ([Supplementary Figure S16](#sup1){ref-type="supplementary-material"}).

![MD simulations of matched and mismatched 12-mer duplexes. (**A**--**C**) The distribution of the C~A~--C~D~ distances for the mismatched duplexes (red) and their matched controls (blue). The C~A~ and C~D~ bases were replaced by tC° (donor) and tC~nitro~ (acceptor) for the FRET experiments. (**D**--**F**) Examples of structures for the mismatched duplexes (left) and their matched controls (right). The DNA duplexes are shown in cartoon. The heavy atoms of each base are shown in sticks. The N4 atoms of C~A~ and C~D~ bases are shown in spheres. The bases are colored according to the color codes in Figure [1](#F1){ref-type="fig"}. Full details for the structure clusters of the mismatched duplexes are given in [Supplementary Figures S14--16](#sup1){ref-type="supplementary-material"}.](gkx1216fig9){#F9}

DISCUSSION {#SEC4}
==========

This paper aims to examine how intrinsic DNA conformational fluctuations impact DNA damage recognition, which remains a poorly understood first step in DNA repair. The damage recognition proteins in both mismatch repair and NER systems are not designed to recognize a well-defined structural motif that distinguishes the damaged from the undamaged site; rather, they are tasked with recognizing a wide range of damaged sites against the background of normal DNA. Structures of damage recognition proteins bound to lesion sites show significantly distorted DNA in the complexes, suggesting that recognition likely relies on detecting intrinsic distortions in the helical geometry of damage containing DNA and/or differences in the intrinsic flexibility/deformability of the damaged versus undamaged sites ([@B79],[@B80]). Indeed, a large body of NMR studies on DNA containing various damages have shown enhanced propensity of base dynamics in the vicinity of the lesion sites as well as evidence for conformational heterogeneity in damaged DNA ([@B81]). Similarly, measurements using fluorescent nucleotide analogs placed adjacent to various kinds of mismatches have also revealed increased exposure of these nucleotides to solvent compared to matched DNA ([@B23],[@B88]).

In the context of NER, damage-induced helix destabilization often correlates with the lesion recognition and repair propensity ([@B56],[@B89]). The presence of unpaired bases opposite a lesion has also been shown to increase the lesion's recognition by XPC and the repair rate by NER ([@B43],[@B66]). Although global helix destabilization as indicated by the DNA duplex melting temperatures does not necessarily correlate with its recognition by XPC/Rad4 and repair efficiency by NER, such correlations are frequently observed ([@B42],[@B90],[@B91]). MD simulations on lesions derived from polycyclic aromatic chemicals have further probed how lesion-induced structural perturbations may affect thermal stability and lesion recognition, and have suggested that helix-destabilizing distortions can be counteracted by stabilizing van der Waals interactions locally which may influence lesion recognition ([@B59],[@B92]). The importance of local dynamics and sequence context in the vicinity of the lesion have been shown in NMR and excision repair experiments as well as in MD simulations for bacterial NER ([@B57],[@B93]) and for eukaryotic NER ([@B46],[@B94]).

Here, we uncovered the distribution of DNA conformations by analyzing the fluorescence lifetime decay traces of tC°-tC~nitro~-labeled DNA with the maximum entropy method. This powerful approach enabled us not only to detect but also to quantify the relative populations of alternative conformations that co-exist in solution under thermal equilibrium. Our approach also readily lent itself to examining how these conformational distributions were altered in the presence of a large bound protein, a distinct advantage over NMR. Our experimental results together with MD simulations revealed strikingly varied conformational landscapes of DNA containing 3 bp mismatch sites used as model substrates for Rad4, which suggested a direct link between intrinsic DNA deformability and DNA mismatch recognition by this protein.

tC°-tC~nitro~ FRET probes placed close to the mismatched site (as in design I) discerned DNA deformability and conformational variations that correlated with the Rad4-binding specificity of the DNA {#SEC4-1}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

As stated before, this study mainly focused on design I DNA constructs (Figure [2](#F2){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Previous equilibrium FRET and T-jump studies using TTT/TTT_I and AAA/TTT_I have suggested that the probes placed as in design I can sense the specific binding of TTT/TTT_I to wild-type Rad4. Here, we expanded the DNA substrates to include two more sets of mismatched/matched DNA, and found that the sequence identity of the mismatched site had a profound effect on the conformational distributions accessible to DNA: the high- and medium-specificity CCC/CCC and TTT/TTT mismatch constructs exhibited more significant distortions from B-DNA-like conformations even in the absence of the protein when compared with the non-specific TAT/TAT construct. Importantly, the degree of these intrinsic DNA distortions correlated with their Rad4 binding specificities. Specific binding to Rad4 further broadened and increased the distorted DNA populations. Notably, our approach could detect even subtle changes in non-specific TAT/TAT_I mismatched DNA when bound to Rad4, which evaded detection using other 'ensemble' approaches. We speculate that the predominantly B-DNA-like conformation undergoing some distortion (as indicated by a minor population in medium FRET) when Rad4 binds to TAT/TAT or TTT/TTT may indicate conformational switching involved in interrogation of the mismatched site, while the populations with larger distortions observed when Rad4 binds to CCC/CCC may reflect conformational states closer to final recognition modes.

The broad range of distortions thermally accessible to the specific, mismatched DNA reflects high intrinsic flexibility/deformability of these DNA substrates; these distortions are likely coupled with increased spontaneous breathing of mismatched base pairs, as observed by NMR at the single base-pair levels ([@B81],[@B95]). Taken together, our results demonstrated how the fluorescence lifetime approach can be used to detect subtle differences in the intrinsic DNA dynamics that correlate with specific binding to Rad4.

Probe positions influence the sensitivities to detecting specific versus non-specific conformational changes {#SEC4-2}
------------------------------------------------------------------------------------------------------------

As discussed above, the current study used constructs harboring FRET probes at positions designated as design I. With this design, we could not detect any significant changes in the average FRET for the non-specific TAT/TAT or its matched counterpart ATA/TAT, upon binding by Rad4. Previously, we had also carried out FRET studies on TAT/TAT and ATA/TAT, but with probes placed differently from the design I constructs ([@B13]). In these 'design II' constructs, hereafter referred to as TAT/TAT_II and ATA/TAT_II, respectively, both the donor and acceptor probes were placed further away from the 3 bp mismatch site in comparison with design I constructs ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Intriguingly, Rad4 binding to both mismatched TAT/TAT_II and matched ATA/TAT_II had revealed a detectable change in FRET that was comparable ([@B13]); we attributed these changes in FRET induced by Rad4 in these non-specific substrates to non-specific DNA unwinding by Rad4.

Our observations that tC°-tC~nitro~ probes did not detect any average FRET changes upon Rad4 binding to design I constructs TAT/TAT_I or ATA/TAT_I (Figure [4D](#F4){ref-type="fig"}), but in fact detected similar average FRET changes upon Rad4 binding to design II constructs TAT/TAT_II and ATA/TAT_II, indicate that the placement of the probes is critical in determining the types of conformational changes detected by these probes. Placing the probes closer together, as in the design I construct, enhances their ability to detect Rad4-induced distortions at the mismatched sites; however, it may also diminish their ability to detect small scale and longer range unwinding induced by Rad4 in its non-specific binding mode, which is picked up when the probes are placed further apart, as in the design II constructs.

Can Rad4 select for pre-distorted conformations to recognize DNA damage? {#SEC4-3}
------------------------------------------------------------------------

Numerous studies have shown that both protein and DNA deform their structures when bound specifically to each other, forming specific complexes. Such 'induced-fit' structures have long invoked the question whether specific recognition is initiated by the protein (as it binds and subsequently deforms the DNA) or there exists a pool of pre-distorted DNA conformations that the protein can 'select' to recognize ('conformational selection') ([@B96]). Conformational flexibility near or at a lesion site has been hypothesized as a critical feature that proteins sense to pick out potential damaged sites from a vast excess of normal sites ([@B79],[@B80]). Although NMR studies have previously yielded data on the dynamics and flexibility of lesion-containing DNA and have provided ample evidence of conformational heterogeneity in these DNAs in the absence of bound protein ([@B82]), how this heterogeneity is altered when protein binds has been difficult to ascertain. In particular, an open question in the field of site-specific recognition is whether cognate DNA in the absence of protein can adopt pre-distorted conformations that resemble the conformations adopted by DNA in the specific complex.

Our lifetime studies directly address this issue. Our results, particularly those with the highly specific CCC/CCC revealed significant populations of pre-distorted conformations that overlapped with and thus resembled the conformations sampled by DNA in the specific complex. The fact that these conformations were accessible to DNA even in the absence of a bound protein provides experimental support for 'conformational selection' as one of the potential mechanisms for lesion recognition by Rad4 (Figure [10](#F10){ref-type="fig"}). Computational studies have previously revealed that such conformational capture could be a mechanism for recognizing 10*R*-(+)-*cis-anti*-benzo\[*a*\]pyrene-*N*^2^-dG (*cis*-B\[*a*\]P-dG), a lesion derived from the environmental carcinogen benzo\[*a*\]pyrene ([@B97]), but not for a thymine dimer lesion derived from UV light ([@B98]). Similar enzymatic capture mechanisms have been proposed for discrimination between thymine and uracil by the base excision repair enzyme uracil DNA glycosylase ([@B95]) and for alkylated DNA base recognition by an AlkD glycosylase ([@B99]).

![Conformational capture mechanism of DNA damage recognition by Rad4/XPC. Fluorescence lifetime studies on mismatched DNA provide evidence for thermal fluctuations in DNA, in the absence of Rad4, between B-DNA conformations similar to those in matched DNA and distorted DNA conformations that resemble protein-bound conformations. DNA binding to Rad4 further shifts the equilibrium toward the distorted conformations. These results suggest that conformational capture of pre-distorted DNA conformations (indicated by green arrows) is a plausible path for DNA damage recognition by Rad4/XPC in some cases. Fluorescence lifetime distributions are shown for the high specificity CCC/CCC construct (red: DNA alone; purple: Rad4--DNA complex) and for the matched GGG/CCC construct (blue).](gkx1216fig10){#F10}

MD simulations support the conformational capture mechanism for recognition of certain mismatches by Rad4 {#SEC4-4}
---------------------------------------------------------------------------------------------------------

Our MD simulations helped provide molecular details underlying the experimental findings. The number of components in the fluorescence lifetime measurements for the mismatched duplexes is consistent with our observed number of C~A~-C~D~ distance domains (Figure [9](#F9){ref-type="fig"} and [Supplementary Figures S14--16](#sup1){ref-type="supplementary-material"}). We observed one C~A~-C~D~ distance domain for the TTT/TTT and one for the TAT/TAT sequences. On a conformational level, the TTT/TTT mismatched duplex revealed a single family of structures. For the TAT/TAT case, however, two different hydrogen bonding schemes were observed for the A:A base pair within the same C~A~-C~D~ distance domain. For the CCC/CCC case, there were three C~A~-C~D~ distance domains that corresponded conformationally to very diverse and unstable structures in which mismatched C bases fluctuate between stacked-in and extruded states ([Supplementary Figure S16](#sup1){ref-type="supplementary-material"}). C/C mismatches have been shown to be one of the most helix-destabilizing single mismatches ([@B100],[@B101]) and MD simulations on CC/CC double mismatches have also shown multiple conformations for the mismatches ([@B102]). Our simulations provide molecular interpretations of the observed binding data that reveals that the CCC/CCC duplex binds Rad4 with greater specificity than the other mismatched duplexes. The significant populations of extruded bases in the CCC/CCC duplex are states that are capture-ready for Rad4 binding. This role of extruded bases is similar to that of the extruded partner base C opposite the *cis*-B\[*a*\]P-dG lesion, which is conformationally captured by Rad4 in binding pathway studies ([@B97]). The severe destabilization of the CCC/CCC duplex observed in the melting studies is also consistent with the large population of extruded conformations. The binding studies also showed that TTT/TTT binds more specifically than the TAT/TAT duplex, which is also consistent with slightly more destabilizing TTT/TTT than TAT/TAT, from melting studies. We hypothesize that extrusion of mismatched T bases in the presence of Rad4, which is required for binding, would be more facile with neighboring pyrimidines than purines, which may explain the binding differences.

Specifically bound Rad4--DNA complexes are highly dynamic {#SEC4-5}
---------------------------------------------------------

It is noteworthy that, in solution, we observe a very broad range of conformations for DNA even after binding to Rad4 with high specificity (Figures [3](#F3){ref-type="fig"}, [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). The observed conformations span DNA structures that are not too perturbed from B-DNA all the way to highly distorted conformations with an apparent FRET efficiency near zero, close to the calculated FRET value (0.04) based on the crystal structures (Figure [1](#F1){ref-type="fig"} and [Supplementary Method 1.10](#sup1){ref-type="supplementary-material"}). Intriguingly only a very small fraction of these broad conformations corresponded to this zero-FRET conformation expected of the crystal structure. These results suggest that the DNA conformations remain highly dynamic and heterogeneous even after binding to Rad4 and that structural constraints imposed by crystallization may be capturing only the highly distorted conformations that do not represent the entirety of the accessible conformations in solution. Furthermore, increasing the non-specific DNA sites by extending either sides of the CCC/CCC mismatch (thereby increasing the total length of DNA to 72-mer from 24-mer) did not diminish the broadly distributed low-FRET populations observed in the 24-mer DNA, indicating that contributions from non-specific binding are modest. Altogether, it is clear from our data that specific binding of Rad4 to CCC/CCC does not push the equilibrium into a narrow range of DNA conformations but rather that the specific complex remains highly dynamic. This dynamical behavior is consistent with the structural observation that Rad4 does not make very many specific contacts with the lesions themselves in the specific complex, although there may be specific interactions during interrogation *en route* to recognition. Though unexpected at first, the dynamic flexibility of the specific Rad4--DNA complexes may be key to understanding the biological functions of Rad4---how Rad4 can recognize a wide variety of structurally and chemically dissimilar NER lesions and recruit downstream factors. These notions and the dynamical nature of the specific complex merit further investigation.

Highly dynamic DNA conformations may stall a damage-searching protein, initiating lesion recognition {#SEC4-6}
----------------------------------------------------------------------------------------------------

The efficiency with which DNA-binding proteins search and locate their target sites on long stretches of DNA is found to be optimized with some combination of 3-D diffusional search in bulk solution with 1-D diffusion along the DNA ([@B103],[@B104]). These DNA-binding proteins, including many examples of DNA repair proteins, have been observed *in vitro* to undergo relatively rapid 1-D diffusion as measured on long stretches of DNA, with the measured diffusion constants translating into residence times per DNA site that range from 0.1−300 μs ([@B105]). In contrast, site-specific recognition as measured on a few systems on which it has been directly observed occurs on timescales of a few milliseconds ([@B6],[@B8],[@B10],[@B12],[@B13],[@B113],[@B114]), which suggests the need for an additional mechanism by which these rapidly diffusing proteins can intermittently slow down. The protein-centric view of such a mechanism has invoked transient conformational switching from a rapidly diffusing 'search' mode to an intermittently stalled 'interrogation' mode ([@B3],[@B115],[@B116]). Indeed, a recent single-molecule study that examined the diffusional dynamics of Rad4 on DNA provided evidence for at least three different binding modes of the protein to DNA, a rapidly diffusing mode, a constrained diffusion mode, and a non-motile mode ([@B117]). The relative populations in these different binding modes changed when specific damage sites were introduced in the DNA, with increased probability in the non-motile mode at the expense of the randomly diffusing mode.

Previously, we had shown that Rad4, when tethered to undamaged DNA in a specific orientation, could flip out even undamaged nucleotide pairs in a manner very similar to how it flips out damaged nucleotide pairs ([@B12]). To reconcile these structural studies with the ability of Rad4 to discriminate between damaged and undamaged sites, we proposed a 'kinetic gating' mechanism for lesion discrimination, whereby the probability that a freely diffusing Rad4 would flip out damaged nucleotide pairs was predicted to be much higher than the probability of it flipping out undamaged nucleotide pairs ([@B12]). This differential probability, we argued, came from the kinetic competition between the rates of flipping out damaged/undamaged nucleotide pairs versus the rates at which the protein could diffuse away from that site. Although the rates at which nucleotides in undamaged DNA are flipped out by Rad4 have not yet been measured, free energy calculations suggest that the barrier for such motions is significantly (5--8 kcal/mol) higher than for damaged DNA ([@B118]), indicating that nucleotide flipping at undamaged sites could be sufficiently slow as to be improbable on the ∼0.6−180 μs residence times estimated for this protein, based on the single-molecule diffusion measurements ([@B117]).

Missing from these previous studies are the mechanism by which damaged sites stall and trap repair proteins as well as a measurement of how much the protein slows down as it stumbles upon a damaged site. Our results presented here strongly suggest that high conformational fluctuations accompanying DNA damage, as seen in the case of the high-specificity CCC/CCC construct, could severely impair the ability of Rad4 to diffuse, thus trapping it long enough to enable it to efficiently form the specific complex. Based on our previous measurements of ∼10 ms for full nucleotide-flipping by Rad4 at model lesion sites, we argue that intrinsic conformational fluctuations at these sites could increase the effective residence times of the protein at that site to a few milliseconds. In the absence of these highly unusual conformational fluctuations, as in the case of the TAT/TAT mismatch, the damaged site appears no different from undamaged DNA, and the protein likely wanders away before it has a chance to latch on and form the recognition complex. We envision that certain DNA lesions that are not recognized and repaired efficiently by NER in cells may share similarity with the TAT/TAT mismatch, with conformational distortions and fluctuations significantly suppressed in comparison with those repaired efficiently. Further investigation of the conformational distributions of DNA with real NER damage, with the kinds of approaches used here, will shed further light on the role that intrinsic DNA conformational dynamics plays in damage recognition mechanisms. Repair-resistant lesions tend to persist through cell cycles and thus are more mutagenic than repair-proficient ones ([@B60]). If intrinsic DNA deformability and/or distortions in damaged DNA indeed correlate with efficient recognition by Rad4/XPC and repair proficiency, then this sensitive approach could serve as a useful tool for predicting the Rad4/XPC binding propensities of various *bona fide* DNA lesions for NER and help identify the mechanisms underlying persistent DNA lesions that could also serve as biomarkers for cancers.
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